1 0/5Z(\123 

9" I" .JT12 Rec'd P0WT8 0 3 j AN 2005 



Method— a nd Device for Carrying Out Emission Spectrometry 

The invention relates to a method and device for quantitative 
and qualitative multi-elemental analysis of moving test 
objects using emission spectrometry, in particular laser 
emission spectrometry. 

Prior Art 

In laser emission spectrometry, the concentration of single 
chemical elements in a sample is determined by generating a 
plasma on the surface of the test object with the aid of a 
focussed laser beam, and the concentration of the observed 
element in the sample is determined using the element-specific 
emission of the laser- induced plasma. 

Fig. 1 shows the significant values in generating the laser- 
induced plasma on the surface of a test object. A focussing 
optic 1 focuses a pulsed laser beam 2 with a propagation 
direction 3 on a surface element 4 of the test object. The 
coordination system is selected in such a manner that the 
propagation direction 3 of the laser beam 2 runs anti-parallel 
to the z-axis. The normal 5 of the surface element 4 forms an 
angle a with the z axis, respectively with the axis of the 
laser beam. The point of penetration 6 of the propagation 
direction 3 on the surface element 4 is the center of 
projection 7 of the cross section of the laser beam 2 on the 
surface element 4. The distance of the focal plane 8 of the 
laser beam 2 from the point of penetration 6 is referred to as 
As. If the focal plane 8, seen from the focussing optic, lies 
behind the point of penetration 6 of the focussing optic, this 
corresponds to positive values for As. Typically As is 
selected positive. The distance of the focussing optic 1 from 
the point of penetration 6 is referred to as d. 

The emission of the resulting laser-induced plasma at the site 
6 is collected by the receiving optic of the detector unit 9 
and conveyed to a spectrometer. The detector unit of the 
spectrometer determines the time-integrated emission of the 
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observed spectral lines for a defined time window. The 
concentration of a substance to be analyzed in a sample is 
determined with the aid of a calibration function for each to- 
be-analyzed substance from the section-wise time -integrated 
emission of the observed spectral lines. In this context, it 
is prior art to calculate the initial value of the calibration 
function from the ratio of the emission of an observed line of 
a to-be-analyzed substance to the combination of emissions of 
other spectral lines, respectively of a measuring signal 
representative for the overall emission of the plasma. 

Laser-emission spectrometry can be operated selectively with a 
fixed or a variable focal length of the focussing optic. 

In laser-emission spectrometry using focussing optics with a 
fixed focal length, the test object must be positioned 
precisely down to a few millimeters in order to obtain a 
quantitative statement about the concentrations of the 
analyzed elements in the material of the test object by means 
of a previously carried out calibration. If the position of 
the sample relative to the fixed focal position of the laser 
beam or the incline of the surface element 4 is changed, the 
detected angle of the plasma emission changes due to the 
changed distance of the sample surface from the fixed position 
of the receiving optic of the detector unit 9 or due to the 
test object partially shading the laser- induced plasma. This 
change can be partly compensated by evaluating the ratio of 
the measuring signal of the observed emission line to a 
combination of other line emission signals and to a signal 
proportional to the overall emission of the observed plasma. 
This process is called "referencing" or "internal 
standardization" . 

Furthermore, another systematic error comes from the changed 
characteristic of the emission of the laser- induced plasma, 
making it difficult or impossible to make a quantitative 
statement about the concentrations of analyzed elements in the 
material of the test object, respectively there are errors in 
the measured concentration of the to-be-analyzed substance. 
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The latter source of errors can be partly remedied by using an 
auto- focussing unit in conjunction with a pulsed laser with a 
fixed repetition rate as M. Stepputat et al . VDI-Berichte, 
1667, pp. 35-40 (2002) teach. The authors propose using a 
laser-triangulation sensor in the auto-focussing unit to 
determine the distance from the sample surface and setting the 
focal position of the analysis laser to this distance. In this 
arrangement, the laser beam of the triangulation unit and the 
laser beam of the analysis laser are disposed coaxially. 

Description of the Invention 

The object of the present invention is to provide a method and 
a device for emission spectrometry, in particular laser- 
emission spectrometry with improved accuracy, in particular 
for emission- spectrometry of moving objects. 

Solving this object occurs by means of the features of the 
independent claims. Advantageous further embodiments are given 
in the dependent claims . 

A key element of the present invention is that this object is 
solved by means of a method in which, prior to plasma 
generation, additional geometric parameters PI, P2 . . PN of a 
potential measurement location on the workpiece are determined 
in addition to the distance d of the auto-focussing optic from 
the workpiece surface, an elemental analysis is performed only 
for the potential measurement locations at which at least one 
of the additional geometric parameters lies within a 
predefined tolerance range [Tl . . T2] . 

The proposed solution is based on understanding that, 
according to the prior art, measuring locations whose surfaces 
are from a geometric standpoint unsuited for quantitative 
measurement are determined on the test object as well. A 
prerequisite for as accurate as possible measurement is, 
namely, that the geometric nature of the measurement location 
is largely identical with the one present in plotting the 
calibration curve. If the calibration curve is measured with 
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the geometric parameters PI, P2 . . PN, the calibration curve 
only fulfills its intended function of precise calibration if, 
with otherwise fixed parameters, such as in particular laser 
parameters, the same geometric parameters are present as in 
measuring a test object. 

To approach this optimum, it is proposed that, in a first 
step, a tolerance range [Tl . . T2] is predefined for the 
geometric parameters PI, P2 . . PN, which represent as closely 
as possible the geometric parameters present when performing 
the calibration. In other words, the predefined geometric 
parameters should correspond with regard to type and tolerance 
range to the geometric parameters present in recording the 
calibration curve. The breadth of the tolerance range of the 
geometric parameters is yielded by the requirements of the 
application regarding accuracy in determining the 
concentration and by the limits set by the employed 
components. 

In a second step, the same geometric parameters PI, P2 .. PN 
are measured at potential measurement locations on the 
workpiece . 

In auto-focussing, the distance d of the auto- focussing optic 
from the workpiece surface is continuously determined as a 
geometric parameter anyway. In accordance with the present 
invention, elemental analysis is performed only for the 
potential measurement locations at which at least one of the 
additional geometric parameters lies within a predefined 
tolerance range [Tl . . T2] . 

Preferably, one of the geometric parameters is the distance d 
between the focussing optic and the surface of the workpiece. 
This distance d, too, should lie accordingly within a 
tolerance range defined by the calibration measurement. It is 
pointed out that the tolerance range for the parameter d is 
independent of the range within which the auto- focussing 
device still operates reliably. 
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Furthermore, it is advantageous if the incline a of the 
surface of the workpiece in relation to the laser beam axis at 
the potential measurement location is determined as a 
geometric parameter. By setting this parameter within a 
tolerance range, it is explicitly taken into account that 
the emission spectrum of the plasma is dependent on the 
incline at the measurement location. Systematic reflection of 
this dependency results, as desired, in increased measuring 
accuracy. 

According to the preceding, the relevant geometric parameters 
d and a should lie within a tolerance range: 

d u < d < d 0 

-OW < a < OCmax 

These parameters define a process window regarding the 
geometric parameters within which the emission spectrometry is 
performed. This manner of proceeding can, of course, be 
generalized if need be to more relevant geometric parameters. 

In order to verify that the measurement locations actually 
possess geometric parameters within the measurement window, it 
is provided that prior to plasma inducement, the surface 
profile of at least one part of the workpiece surface is 
determined by means of a triangulation process and that the 
additional geometric parameters are calculated from the 
surface profile. The current values of the relevant geometric 
parameters determined in this manner are compared with the 
predefined desired values, respectively it is checked whether 
at least one geometric parameter of the measurement location 
lies within the predefined tolerance range. The accuracy of 
the measuring result becomes increasingly greater if all the 
geometric parameters lie within the tolerance range. 

In order to permit automatic selection of suited measuring 
points, means for measuring the surface of the sample are 
provided which also measure transverse to the direction in 
which the test object is moving. In this way, for example, in 
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the invented method, the distance d between the surface 
element 4 and the focussing optic 1 can be determined with the 
aid of a triangulation unit 17, see fig. 4a. The arrangement 
of the surface points 15 of the test object measured is shown 
schematically in fig. 4b. A triangulation unit 17 measures 
simultaneously or in succession the perpendicular distances 
si, s2, s3, etc., from a reference plane to the discrete 
measuring points 15 located on the surface of the test object. 
The triangulation unit can, for example, be realized by a 
laser-based section light sensor, a multi-point triangulation 
unit or multiple triangulation sensors. The distance DT of the 
lines 14 and 14' to each other is determined by the measuring 
rate of the triangulation unit and the velocity of the surface 
of the test object 4'. The course of the sample surface 4' 
between the measured triangulation measuring points 15 is 
determined by interpolation. 

Consequently, the invented method can be advantageously 
utilized for examining moving objects. Thus, parts on a belt 
passing an analysis laser can be measured, for example scrap 
-aluminum parts or scrap electric parts. 

Measuring occurs in such a manner that elemental analysis is 
performed only for the potential measuring locations at which 
at least one of the additional geometric parameters lies 
within a predefined tolerance range [Tl . . T2] . For this, 
either the data of unsuited measuring locations are rejected 
or a plasma is induced only at the locations at which the 
predefined geometric parameters lie within the tolerance 
range. In the latter case, preferably only a pump pulse and 
not a laser pulse is released if there is no suited 
measurement location, thereby increasing the thermal stability 
of the laser. 

Furthermore, it can be provided that the laser beam is 
deflected transverse to the direction in which the test object 
is moving. In this manner not only the potential measurement 
locations are selected in the forward movement direction of 
the analysis laser but rather also perpendicular to this 
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forward movement direction, thereby increasing the number of 
evaluatable measuring points on the surface of the test object 
and thus increasing the accuracy and the reliability of the 
analysis and identification. 

In particular, if the test objects moving quickly relative to 
the laser beam are small there is the danger that all in all 
only a few suited measurement points are found. In this case, 
there is a considerable statistical error in the measuring 
result. In order to increase measuring accuracy, another 
aspect of the present invention proposes conducting the method 
for carrying out the laser-emission spectrometry, in 
particular for carrying out laser-emission spectrometry, in 
which a pulsed laser beam is focussed automatically on a 
workpiece for generating a laser- induced plasma and in which 
the radiation emitted from the plasma is detected and an 
elemental analysis is conducted with the detected radiation 
spectrum, in such a manner that laser beam impingement is 
carried out with a variable pulse interval AT. 

The pulse interval can initially be selected in such a manner 
that the pulse interval is decreased for a high relative 
velocity between the analysis laser and the test object and 
increased for a low relative velocity. Similarly, the pulse 
interval can be selected short for small test objects in order 
to increase the probability of being able to carry out a 
measurement. The achieved greater number of possible 
measurements improves the statistical accuracy of the analysis 
results. 

Preferably, in the pulse variation, a pulse interval is 
selected whose value lies within a predefined tolerance range 
[AT min ... AT max ] , which increases the system's reliability and 
stability. 

An interval between two laser pulses is designated AT and is 
usually constant. It can, however, be varied to a limited 
degree in a laser system. Possible restrictions for the to-be- 
set pulse interval and therefore for the current repetition 
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rate of the analysis laser can be, for example, increased 
scattering of the pulse energy, a change in the thermal 
stability of the analysis laser and due thereto changes in the 
beam profile or the beam direction, or exceeding the limit 
values of the pump electronics for generating pump pulses of 
the laser medium. 

The pulse variation is advantageously carried out in such a 
manner that, in case a suited detection unit, such as for 
example a light barrier, a triangulation unit or the same, 
detects a test object, a shorter laser pulse interval is 
selected for the analysis laser than is the case if no test 
object is detected. The result of this manner of proceeding is 
that, if a test object is present, as many as possible 
measurements are carried out thereby increasing statistical 
accuracy. However, if the analysis laser detects no test 
object, the pulse interval is increased thereby allowing the 
laser to thermalize. 

The abovedescribed detecting of additional geometric 
parameters and measuring only at those locations at which at 
least one of the additional geometric parameters lies within a 
predefined tolerance range can now occur alternatively or 
cumulatively to the pulse variation proposed in the preceding. 
If both improvements of the method are conducted, this means 
that, if the analysis laser detects a suited measuring 
position, a shorter pulse interval is selected than if no 
suited measuring position is detected. A suited measuring 
position is a measuring position whose predefined geometric 
parameters lie within the process window selected by the user. 
Optimally, therefore is if AT min is selected in the former case 
and AT max is selected in the latter case. 

However, it is to be noted that the laser is under great 
thermal stress if the laser is shot for a long period with a 
pulse interval of AT m:Ln , respectively with a maximum repetition 
rate. In this case, in order to ensure a stable system, it is 
necessary to adjust the average pulse interval AT aV erage to the 
desired value AT de sired/ for which state-of-the-art control 
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methods can be utilized. In other words, the average pulse 
interval AT ave rage varies around the desired value AT deS ired. 

Similarly, it is provided that, if no test object is at the 
measuring position, the pulse interval is adjusted to the 
desired value AT de sired of the laser system. The desired value 
AT d esired is the pulse interval specified for operation with a 
fixed repetition rate. However, if a test object is at a 
measuring position, the pulse interval is selected 
individually for each pulse. The pulse interval is always set 
within a system-specific and application-specific range [AT m i n t 
AT max ] / which also depends on the pulse intervals of the 
preceding pulses. For each individual pulse interval AT, the 
possible extreme values AT min and AT max are determined anew, 
respectively the pulse interval AT is set individually for each 
pulse. The device-based extreme values AT g min and AT g max for an 
individual pulse interval AT and the average pulse interval 
AT aV ergae,N enter via the last N generated laser pulses. The 
pulse intervals AT of the laser pulses are always selected in 
such a manner that the average pulse interval AT av erage,N assumes 

a Value Within the range [AT ave rage,N min , ATaverage. N™**] • This is 

described in brief by the following terms: 



AT e [AT min , AT max ] 

AT a verage,N , e [ ATaverage,*/* 111 , AT a verage,N ] 



When a test object is located in the measuring position, the 
values for AT min , and AT max are determined according to the 
following rules: 

AT min = AT g min for AT aver age,N > AT ave rage, *** 

AT min = AT g maX for AT aver age,N < AT ave rage, v** 

ATmax = AT g maX for ATaverage, N < AT av erage, N™** 

AT max .= AT g min for AT average , N > AT aver age, N max 
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Due to the abovedescribed restrictions of the possible pulse 
intervals AT, if a test object passes the analysis system 
perpendicular to the beam propagation direction 3 with a 
constant velocity v, not every desired surface point on the 
sample surface can be measured. But rather yielded is the grid 
of possible measuring regions 10 and 10' on the sample surface 
4' shown in the fig. 2. The length MX of a measuring region 
10' is yielded by the restrictions of the pulse intervals AT. 
The distance 11 from the last impingement location 12 of the 
analysis laser 19 in the measuring region 10 to the beginning 
of the following measuring region 10' yielded by the minimally 
adjustable pulse interval AT min in conjunction with the 
velocity v of the test object is vxAT min . Analogously, the end 
of the measuring region 10' in a distance 13 from the 
measuring position 12 yielded by the maximally adjustable 
pulse interval AT ma x in conjunction with the velocity v of the 
measuring object is vxAT max - 

Fig. 3 shows, by way of example, the measuring region 10' in 
the yz-plane in rectangular form. The height of the measuring 
region 10' in z-direction is designated MZ and is yielded by 
the minimally and maximally adjustable distance d u and d Q of 
the penetration point 6 to the focussing optic 6. The width MY 
of the measuring region 10' is determined by the maximally 
adjustable beam deflection angle y and the minimally adjustable 
distance d u as the boundary of the vertical focussing region 
MZ. The width MY is selected in such a manner that for each y- 
coordinate within MY within the maximum beam deflection angle 
y, each vertical position z within the focussing region MZ can 
be reached. 

The aim is to localize the next possible measuring position 
12' within the measuring window 10' in such a manner that the 
abovementioned parameters pulse interval AT, distance y, 
distance d and the angle of incline a lie within the process 
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window and the next measurement is conducted solely at this 
position. The process window is therefore defined as follows 

d u < d < d 0 

-Otmax < a < Omax 

y u < y < y c 
AT m in < AT < AT max 



In order to be able to position the individual laser pulse at 
the to-be-determined optimum measuring positions 12, 12' , the 
time point when the laser pulse is generated is determined by 
the system control and the beam of the analysis laser is 
positioned transverse to the forward movement direction - i.e. 
in y- direction. By this method, the number of usable 
measurements on the moving parts are considerably increased in 
comparison to the prior art. 

Fig. 5 describes carrying out the method. At position x A at the 
time point t A , the surface 4' of test object 16 is detected by 
the triangulation unit 17. For every measured line 14, the 
distance values s of the triangulation measuring points 15 are 
transmitted to the autofocus control 18. The autofocus control 
then determines in the next valid measuring region 10' with 
the aid of the interpolated course of the surface the next 
possible measuring point 12 ', whose parameters AT, d and a lie 
in the valid process window 12' . The search in the next 
measuring window 10' for a measuring position 12' with a valid 
process window is preferably sought from short to long AT and 
for each AT from short to long distances from the y-coordinate 
of the measuring position 12 of the preceding measuring region 
10. Preferred therefore are measuring points that have within 
the scope of the possible measuring region 10' a minimal 
distance from the preceding pulse. In this manner, the maximum 
possible number of measuring points 12, 12' within the scope 
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of the application are always realized on the sample surface 
4' . 

If no measuring position 12' can be found in the process 
window in the measuring region 10', a pump pulse of the laser 
is released, but no laser pulse is released- The to-be-set 
pulse interval AT is determined as follows: 

AT = AT g min for AT aV erage,N > AT des ired 
AT = AT g maX for AT aver age,N ^ ATdesired 

In this manner, the thermal stability of the laser systems is 
increased and at the same time the average pulse interval 
AT ave rage,N is adjusted to the desired value AT der sied- If only pump 
pulses but no laser pulses are released for a defined number 
of pulses and if again only a pump pulse is to be released, a 
laser pulse whose respective measuring values are rejected is 
released. This "blind pulse" increases the thermal stability 
of the laser. 

Fig. 6 shows the described control of the pulse intervals for 
measuring a test object, by way of example, in the xz -plane, 
the x-axis being indicated by an equivalent time axis (t- 
axis) . P stands for a released pump pulse, L for a released 
laser pulse. At the time points t x and t 2 , there is no 
measuring object at the measuring position and the pulse 
intervals are selected AT des ired. Pump pulses P are released, but 
no laser pulses L are released. At the time points t 3 and t 4/ 
the test object is in position, the surface lies in the 
measuring regions lo 3 ", lo 4 " and the two pulse intervals are 
selected AT g min . This should permit as many successive 
measurements as possible. Pump pulses P and laser pulses L are 
released. At the time point t 5 , no measuring position can be 
found in the measuring region lo 5 and therefore the pulse 
interval of AT g max is set. A pump pulse P is released, but no 
laser pulse L is .released. At the time point t 9 , three 
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measurements at the time points t 6 to t 8 have been conducted 
with a pulse interval of AT g min and the average pulse interval 
over three pulses has already reached the limit value of 
AT a verage,3- Therefore, AT g max is yielded as the minimally 
adjustable pulse interval AT m i n and the pulse interval AT can 
only be set at AT g max . A suited measuring position is found, and 
a pump pulse and a laser pulse are released with a pulse 
interval of AT g max . At the time point ti 2/ no position whose 
parameters lie in the process window can be found in measuring 
region lo 12 . Here the angle a of the surface normals is too 
large or the surface elements lie outside the vertical 
measuring region MZ . As the average pulse duration is AT ave rage,3 
< ATdesired/ the pulse interval is set at AT g max . At the time 
point ti4 , the test object is no longer at the measuring 
position and the pulse intervals are once again adjusted to 

ATdesired • 



For the determined next possible measuring position 12 ', the 
parameters AT, y and d at the time point t B of the arrival of 
the test object 16 at the measuring position x B are used for 
focussing the laser beam 2 by the focussing optic 1 at the 
surface 4 1 of the test object 16. The focussing optic 1 
comprising an auto- focussing optic la and the radiation 
deflection unit lb focusses the laser beam 2 of the analysis 
laser 19 on the measuring position x B on the sample surface 4', 
see fig. 5. 

To set the position of the laser focus, the procedure is as 
follows. The vertical distance d is set by the auto- focussing 
optic la. The adjustable vertical measuring region is MZ . The 
value of the control variable of the auto -focus sing optic is 
selected in such a manner that As is constant over all 
measurements. The y-coordinate of the next measuring position 
12 ' is set by the beam deflection unit lb. The adjustable 
region for the horizontal off -setting is MY. The x-coordinate 
of the next measuring position 12' is set by the time point of 
the measurement. The length of the adjustable measuring region 
10' is MX. 
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The auto- focussing optic la can, for example, be realized 
with a double lens system comprising a concave and a convex 
lens. The distance of the focal position to the focussing 
optic 1 can be varied by moving the concave lens parallel to 
the optical axis. The deflection unit lb can, for example, be 
realized by means of an X/Y- scanner system in conjunction with 
an F-theta lens. 

The emission of the laser- induced plasma 6 generated at the 
measuring position x B is collected by the receiving optic of 
the detector unit 9 and conveyed to the spectrometer 20. The 
receiving optic of the detector unit 9 is designed in such a 
manner that plasma emissions can be detected in the entire 
measuring region MXxMY, see fig. 2. This can be achieved, for 
example, by means of a bundle of fibers which is disposed 
parallel to the y-axis, has a line-shaped cross section at the 
measuring position, and can detect the plasma emission of each 
possible measuring location and whose spectrometer- side end is 
adapted via the change in cross section to the entry gap of 
the spectrometer and is mounted before it. The dispersion unit 
2 0a of the spectrometer 2 0 divides the detected plasma 
emission spectrally and the detector unit 20b of the 
spectrometer determines for a defined time window the time- 
integrated emission of the observed spectral lines. The change 
due to the angle a in the time- integrated plasma emission of 
all the observed line emissions compared, for example, to the 
case a=0° is corrected by a correction function f (a) . Expressed 
more generally, if a measured angle of incline a deviates from 
a predefined value a K/ a correction of the emission spectrum is 
carried out . 

The concentration of each observed to-be-analyzed substance in 
the sample is determined with the aid of a calibration 
function. For this purpose the detector unit 2 0b calculates 
for each laser- induced plasma emission the single reference 
pulse signals for a line of a to-be-analyzed substance. These 
are calculated from the ratio of the corrected time- integrated 
emission of the observed line of to-be-analyzed-substance to a 
combination of other corrected line emissions, respectively to 
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a combination of a measuring signal that is representative for 
the entire plasma emission and the vertical distances si, s2 , 
s3 ... determined by the triangulation unit 17. All the lines 
of the to-be-analyzed substances whose time-integrated plasma 
emission assumes section-wise a value outside the respective 
measuring region are rejected. Then for each line of the to- 
be-analyzed-substance, the average value of all the single 
reference pulse signals belonging to the test object 16 is 
formed. The concentration of the observed to-be-analyzed 
substance in the sample is determined via a calibration 
function into which all the averaged reference single pulse 
signals of the respective lines of the to-be-analyzed 
substances are entered. Weighing the averaged single reference 
pulse signals of the different lines of the to-be-analyzed 
substances in the calibration function depends on the values 
of the averaged single reference pulse signals. 

The concentrations of the to-be-analyzed substances determined 
for each test object is transmitted from the detector unit 2 0b 
of the spectrometer to a system control 21, which uses these 
determined concentrations of the to-be-analyzed substances, 
for example, for sorting test objects, for checking mix-ups or 
for documentation to ensure quality. 
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